Abstract-In static renewal experiments, we studied how developmental stage influences the effect of ammonium nitrate on embryonic and larval stages of anuran amphibians. The observed lethal effects caused by ammonium nitrate increased with both concentration and duration of exposure. Significant differences were observed in sensitivity to ammonium nitrate as a function of developmental stage in Discoglossus galganoi, Pelobates cultripes, and Bufo calamita. In D. galganoi and P. cultripes, younger individuals displayed greater acute effects from the chemical fertilizer compared with older individuals. For example, 100% of P. cultripes hatchlings died after 4 d of exposure to a nominal concentration of 225.8 mg N-NO 3 NH 4 /L, whereas less than 40% of individuals from older larval stages died when exposed to this concentration. A delay of 4 d in the beginning of the exposure to the chemical was enough to cause significant differences in sensitivity. Bufo calamita showed a higher sensitivity in later larval stages after 12 d of exposure. Hyla meridionalis and B. calamita were less sensitive than the other two species. Peak ammonium nitrate concentrations usually occur when amphibians are breeding and, thus, when the most sensitive aquatic stage is in the water. The developmental stage of the test animals should be considered when evaluating the risk of ammonium nitrate to amphibians.
INTRODUCTION
Elevated concentrations of nitrate or ammonia in surface water of agricultural lands may be hazardous to many wildlife species (e.g., [1, 2] ). Nitrate-related compounds may have negative effects on wildlife, such as methemoglobinemia or carcinogenesis [2] , and acute exposure to ammonium nitrate fertilizer has a negative effect on adult frogs [3] . Aquatic larval stages of some amphibians also are susceptible to the negative effects of ammonia, nitrate, and nitrite (e.g., [4, 5] ). The earliest stages of many amphibians are restricted to aquatic environments and are susceptible to absorption or ingestion of toxic compounds from the water or substrate [6] . Recent data suggest that nitrogen-based fertilizers may be contributing to the decline of some amphibian populations in agricultural lands [3, 5, 6] . However, a strong tolerance of some amphibians to environmental levels of these compounds has been documented [7, 8] .
This apparent paradox may be explained by interspecific, and even geographical intraspecific, variability of sensitivity to ammonia or nitrate. This variability in the sensitivity of amphibians to water pollution has been demonstrated for other chemicals. For example, Bridges and Semlitsch [9] demonstrated a geographical variability in time to death among nine ranid species, as well as among several Rana sphenocephala populations, exposed to the pesticide carbaryl. In addition to this inter-or intraspecific variability, we suggest that the developmental stage of test animals, which varied widely among the different studies that have analyzed the sensitivity of amphibians to nitrogen-based compounds [3, [5] [6] [7] [8] , could be responsible, in part, for the observed differences in sensitivity, because it has been demonstrated in other studies conducted with agricultural pesticides [10] .
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Most ecotoxicological studies with anuran amphibians are conducted after larvae gills become internalized, at Gosner stages 25 to 32 [11] . However, these developmental stages might not be the most sensitive to the chemical fertilizers. Smaller larvae have a higher surface to volume ratio, which can be related to a greater absorption of contaminants relative to body mass and, thus, with a higher sensitivity to these compounds [12] . Gills also can play an important role in larval sensitivity to toxic chemicals. In fish, for example, it has been demonstrated that nitrite is concentrated in the blood by an active transport system in the gills [2] . In larval amphibians, gills are responsible for ion exchange [13] , so they constitute one of the main routes of absorption of toxic chemicals into the organism. Because newly hatched anuran larvae have external gills that become internalized during the early larval development [14] , the first stages after hatching would be expected to be more sensitive to nitrogenous compounds compared with later stages, when gills are covered by the skin. For this reason, we hypothesized that the embryonic or earliest larval stages of anuran amphibians would be more vulnerable to ammonium nitrate compared with medium or late larval stages.
Because of spring runoff, maximum levels of nitrogen fertilizers in surface waters may coincide with these earliest amphibian stages [6, 12] . These peaks of nitrogen levels in surface water are related to the amount of drainage [15] , and they occur during the first rains after the application of fertilizers [16] . Fertilization in temperate regions occurs mainly during late winter, so the first spring rains will increase nitrate drainage into bodies of water used by amphibians. This peak of nitrogen fertilizer levels is not expected to last a long time [1] , but because it is related to the first spring rains, it can occur during the precipitation-induced breeding season of many amphibian species. Environ. Toxicol. Chem. 25, 2006 M.E. Ortiz-Santaliestra et al.
To test the hypothesis that developmental stage influences the sensitivity of amphibians to ammonium nitrate, we studied the effect of the chemical on Iberian painted frog (Discoglossus galganoi), western spadefoot toad (Pelobates cultripes), natterjack toad (Bufo calamita), and southern tree frog (Hyla meridionalis) eggs and larvae using static renewal laboratory experiments.
MATERIALS AND METHODS

Study species
We collected eggs of the four species from several ponds in Almonte, Huelva, Spain, in January 2002, November 2002, and January 2003. We selected these ponds because they do not present nitrate or ammonium pollution, which could have resulted in the selection of the most tolerant individuals before egg collection. For each species, eggs from at least three different masses were collected during the early stages of development (Gosner stages 10 and 11, corresponding to the early gastrula stage) [17] , except for D. galganoi, which were collected at Gosner stage 21, when the cornea becomes transparent [17] . Segments of clutch were carried to the laboratory, where the experiments were developed.
Experimental procedures
To test the influence of developmental stage on sensitivity to ammonium nitrate, eggs and larvae of each species were exposed in static renewal laboratory tests [18] to identical ammonium nitrate concentrations and exposure times but at different stages of their embryonic and larval development. Experiments were conducted in the laboratory at 18ЊC under natural light and photoperiod. Eggs from all the clutches of each species collected in the field were placed in 3.4-L tanks containing 2 L of dechlorinated tap water and varying levels of ammonium nitrate. In every experiment, each tank was randomly assigned to one concentration and exposure starting stage in a block design. Each treatment (stage ϫ concentration) was replicated three times. Exposed and nonexposed individuals were kept under the same experimental conditions. We designed two different sets of experiments. In the first, we exposed D. galganoi [17] . Hyla meridionalis was exposed to the chemical from Gosner stage 13 (neural plate) or stage 19, when the heart starts beating [17] . Initial stages for exposure of each species were selected from the stage at which eggs were collected in the field. The entire duration of experiments in the first set was 30 d. Early staged individuals of each species were exposed during days 1 to 15, and later-staged individuals were tested from days 16 to 30.
In the second set of experiments, we exposed P. cultripes and B. calamita eggs or larvae at four different developmental stages to three levels of ammonium nitrate (nominal concentrations of 0, 90.3, and 225.8 mg N-NO 3 24 . The jelly coats of eggs were kept intact in all experiments to assess realistic differences in sensitivity among individuals exposed from embryonic or larval stages. At the beginning of the experiments, 15 eggs (5 from each clutch ϫ 3 clutches) in the first set or 20 eggs (4 from each clutch ϫ 5 clutches) in the second set were randomly assigned to each tank. Each treatment (initial stage of exposure and ammonium nitrate nominal concentration) was replicated three times. The two experimental designs were made to use either the ammonium nitrate concentration (first set) or the initial stage of exposure (second set) as the main source of variation.
Ammonium nitrate (purity, 99%; Merck KgaA, Darmstadt, Germany) was used to make up a 4.5 g N-NO 3 NH 4 /L stock solution that was pipetted into experimental tanks to obtain the final concentrations. We selected the nominal concentration of 22.6 mg N-NO 3 NH 4 /L from the nitrate legal maximum intended for human consumption [19] , two environmentally relevant nitrate levels (45.2 and 90.3 mg N-NO 3 NH 4 / L), and a high chemical level (180.6 or 225.8 mg N-NO 3 NH 4 / L) as a positive control. We did not use this positive control in the experiment with H. meridionalis, however, because the low number of eggs collected did not allow an additional ammonium nitrate treatment. Larvae were fed ad libitum with lettuce previously washed with water and boiled for 5 min. Solutions were replaced and tanks cleaned every 5 d in the first set or every 4 d in the second set. Levels of ammonia or nitrate were not tested during the experiment, because water volume was sufficiently high in comparison to the mass of tadpoles that no differences should have occurred among age groups in ammonium production. This design would represent a ''pulse'' exposure [20] similar to what happens in the amphibian breeding sites, where peak levels (treated here as nominal concentrations) occur just after fertilizer runoff and then decrease with time.
Water temperature varied less than 1ЊC within the same experiment, and its range for all four experiments remained between 16 and 19ЊC. Water pH was monitored daily with a pH meter Hanna HI-8314N (Hanna Instruments Spain, Eibar, Spain). Overall pH in the four experiments varied between 7.20 and 7.40. Dissolved oxygen was measured with an Oximeter Handylab OX1/Set (Schott-Geräte, Hofheim, Germany). Overall dissolved oxygen levels inside every water renewal period varied between 7.10 and 6.03 mg/L for all four experiments. Total hardness of the test water was measured by the complexometric titration method [21] and varied between 0.89 and 1.07 mmol/L. Larval mortality was monitored, and dead larvae were removed every 24 h. Total body length (mouth to tail tip) of the surviving tadpoles was measured at the end of the experiments with an electronic digital caliper (Stainless Hardened; Acha S.L., Eibar, Spain) to the nearest 0.01 mm. This measure was not taken in H. meridionalis because of a premature release of one test group.
Analysis of data
To determine the effect of ammonium nitrate on amphibian mortality and the influence of developmental stage on this toxicity, we used, for each species, a two-way, repeated-measures analysis of variance (ANOVA) with cumulative mortality rates (arcsine of square-root transformed) after 2, 4, 8, 12, and 
RESULTS
Mortality in control tanks was less than 5% in all cases. In tanks where individuals were not exposed from the beginning of the experiment, no mortality was recorded before the exposure.
Discoglossus galganoi experiment
Ammonium nitrate produced lethal effects on D. galganoi larvae (Table 1 ). Individuals exposed to 90.3 mg N-NO 3 NH 4 / L showed 31.1% mortality at the end of the experiment. Overall larval size was significantly lower in individuals exposed to 90.3 mg N-NO 3 NH 4 /L (Table 2) , with a body length 23.4% smaller than that of controls. An interaction between ammonium nitrate and developmental stage at the beginning of exposure was detected in this species (Table 1) . At the end of the experiment, mortality in tadpoles exposed to 90.3 mg N-NO 3 NH 4 /L from Gosner stage 24 hardly surpassed 6%, but more than 50% of individuals exposed to that level from Gosner stage 21 died (Fig. 1a) . Discoglossus galganoi also showed an age-related effect of ammonium nitrate on larval length (Table 2 ). Individuals exposed from Gosner stage 21 to ammonium nitrate concentrations greater than 45.2 mg N-NO 3 NH 4 /L were significantly smaller than those exposed from Gosner stage 24 (Fig. 2) .
Hyla meridionalis experiment
Ammonium nitrate exposure and the initial stage at which tadpoles were exposed to the fertilizer had no effect on sensitivity of H. meridionalis (Table 1) . However, despite the absence of effects, we cannot consider H. meridionalis as the most tolerant species, because the highest level used in this Environ. Toxicol. Chem. 25, 2006 M.E. Ortiz-Santaliestra et al. 
Pelobates cultripes experiment
Ammonium nitrate produced significant mortality in P. cultripes (Table 1) , with 49.2% mortality at 90.3 mg N-NO 3 NH 4 / L at the end of the experiment. Larval length also was affected by the exposure to fertilizer (Table 2 ). Individuals exposed to 90.3 mg N-NO 3 NH 4 /L were 23% shorter than controls. We also detected differences in sensitivity among age groups in this species (Table 1) . At the end of the experiment, individuals exposed from Gosner stage 13 to 90.3 mg N-NO 3 NH 4 /L were the most sensitive, followed by those exposed from Gosner stage 19 (Fig. 1b) . However, after only 4 d of exposure to 225.8 mg N-NO 3 NH 4 /L, tadpoles exposed from Gosner stage 19 were far more sensitive than those exposed from Gosner stage 13 (100 and 7.3% mortality, respectively). The effects of ammonium nitrate on larval size also were affected by developmental stage (Table 2 ). At 90.3 mg N-NO 3 NH 4 /L, larval length of survivors exposed from Gosner stage 19 was significantly smaller than that of individuals exposed from later developmental stages (Fig. 3) .
Bufo calamita experiment
Ammonium nitrate affected both survivorship (Table 1 ) and larval length ( All Pelobates cultripes tadpoles exposed from Gosner stage 13 died before the end of the experiment, so no data are included from that age group. mortality. Larval length was 26.6% smaller in tadpoles exposed to 90.3 mg N-NO 3 NH 4 /L than in controls. Bufo calamita also displayed an effect of developmental stage on sensitivity to ammonium nitrate (Table 1) . Opposite to what was observed with D. galganoi and P. cultripes, B. calamita exposed from later developmental stages was the most sensitive. Tadpoles exposed to 225.8 mg N-NO 3 NH 4 /L from Gosner stage 21 were significantly more sensitive than those exposed from earlier stages (Fig. 1c) . Interaction between ammonium nitrate and developmental stage did not produce significant effects on larval size of B. calamita survivors ( Table 2) .
DISCUSSION
We have reported that ammonium nitrate can be seriously hazardous for amphibian survival, as has been suggested previously [4] [5] [6] . In a recent study, we assessed the sensitivity to ammonium nitrate of P. cultripes and B. calamita populations from northwestern Spain [23] . In that work, both species showed sublethal effects after 15 d of exposure to a nominal concentration of 90.3 mg N-NO 3 NH 4 /L. We are unaware of any published data regarding the sensitivity of the other studied species to nitrogenous fertilizers. We can observe from the literature a high variability in the sensitivity of amphibians to ammonium nitrate. Thus, whereas Berger [24] [12] .
The negative effect of ammonium nitrate on growth rate also has been observed in a huge amount of amphibian species. For example, Ortiz et al. [23] obtained a smaller size of D. galganoi and B. calamita larvae exposed to 200 mg NO 3 /L (90.3 mg N-NO 3 NH 4 /L), whereas effects on P. cultripes larval size were observed under exposure to 22.6 mg N-NO 3 NH 4 /L. However, Xu and Oldham [25] found an opposite effect of low ammonium nitrate levels in larval size of the common toad, Bufo bufo. Concentrations of 22.6 mg N-NO 3 NH 4 /L resulted in bigger tadpoles compared with controls. Harmless field nitrate levels could be advantageous for amphibian larvae by favoring the growth of larval food, such as algae and other aquatic vegetation, although this possibility may be rejected in the experimental tests because of the high frequency of water renewal.
The present study suggests an age-dependent sensitivity of amphibian embryos and larvae to short ammonium nitrate exposures. Ammonium nitrate produced higher mortality of D. galganoi and P. cultripes exposed from Gosner stage 13 than in those exposed from later developmental stages at 90.3 mg N-NO 3 NH 4 /L. A review of the literature about experiments in which amphibians were exposed to nitrogen compounds seems to point toward a trend of age-related sensitivity. For example, Xu and Oldham [25] [26] found that diquat and paraquat pesticides were more toxic to Rana pipiens embryos than to 15-d-old tadpoles.
We also observed a smaller size in D. galganoi and P. cultripes tadpoles exposed to ammonium nitrate from earlier stages. A decrease in food ingestion as a result of lost activity or an excessive energetic investment in detoxifying mechanisms, such as the urea-ornithine cycle [27] , would be some of the possible causes for the smaller size of exposed individuals. Thus, any of these mechanisms should have affected, in a greater way, individuals exposed from earlier developmental stages. Unfortunately, nothing is known about how these effects can vary throughout the embryonic and larval development of amphibians. A bigger size at metamorphosis has been related to a higher survival rate of postmetamorphic individuals (e.g., [28] ), and individuals with higher developmental rates are expected to reach metamorphosis with a bigger body size. Therefore, effects of ammonium nitrate on larval size of individuals exposed from earlier stages would reduce the survival probabilities of these individuals. Nevertheless, because our experiments did not last until metamorphosis, we can hardly conclude anything regarding this question. Bridges [10] observed that R. sphenocephala exposed from eggs to carbaryl showed a smaller size at metamorphosis than did those exposed from later developmental stages, whereas Greulich and Pflugmacher [29] obtained the same result by exposing Rana arvalis to the pyrethroid ␣-cypermethrin.
During the first 4 d of exposure, we found a higher sensitivity in P. cultripes exposed from Gosner stage 19, which hatched during that 4-d period, than in those exposed from Gosner stage 13, which remained in embryonic stages during this period. Although the difference in the start of exposure between these two developmental stages was only 4 d, this short period of time was enough to cause a differential effect among the two groups. Studies to assess the effects of nitrate compounds on amphibian aquatic stages usually are carried out with individuals close to Gosner stage 25 [5, 6, 25] . Our data stress the importance of assessing the environmental impact of pollutants on early life stages.
In some studies, posthatch larvae have been reported to be [31] . In general, effects of pesticides and herbicides on embryos are scarce compared with effects on early larval stages (e.g., [32, 33] ). Bridges [10] found that exposure of larval R. sphenocephala to carbaryl produced a lower survival rate, a higher percentage of animals showing deformity, and a longer time to metamorphosis compared with exposure of individuals to the pesticide during the embryonic stage. The higher sensitivity shown by newly hatched larvae in these studies, as in our P. cultripes experiment reported here, does not seem to result from the protection given by the gelatinous cover. Herkovits and Pérez-Coll [30] as well as Bridges [10] demonstrated that gelatinous matrix was not the cause of the higher tolerance of embryos to cadmium exposure and to carbaryl exposure, respectively. Nitrate compounds seem to be very permeable to the gelatinous matrix of amphibian eggs, because acute effects on this stage have been reported in other cases [4] . A higher metabolic detoxifying ability has been proposed as a cause for the higher tolerance of later larval stages to pollutants [34] . Tissue and organ development begins at fertilization and continues through metamorphosis. Incomplete tissue and organ differentiation could make individuals in the earlier larval stages more sensitive to pollutants [35] . Nitrate can be reduced to nitrite by the gut bacteria, resulting in methemoglobinemia (e.g., [36] ). Moreover, nitrates in the acidic environment of the gut also may be converted to nitrosamines, which are carcinogenic [37] . Thus, the gut environment plays an important role in the main effects of nitrogen compounds. Gut differentiation during the late embryonic and early larval stages could then be the cause of the higher tolerance of P. cultripes embryos. Hecnar [6] indicated an effect of ammonium nitrate on the symbiotic gut bacteria involved in digestion, which could alter food ingestion by tadpoles. This also could explain the higher tolerance shown by embryos, because mortality was not detected before active feeding was observed. An effect of nitrates on osmoregulation has been detected in some freshwater organisms [38] , including amphibians [6] . In older anuran tadpoles, gills are internal [14] , but immediately after hatching, gills are external and in direct contact with the water [13] . An effect of nitrates on osmoregulation could be especially important during this stage. The progressive skin thickness during larval development could give a higher protection against osmoregulatory alteration and would explain the higher tolerance of late larval stages to the pollutant [13] . Another possible reason for the higher sensitivity during the late embryonic stages would be the effect of ammonium nitrate on the central nervous system. Hecnar [6] proposed this effect from the observations of irregular swimming, paralysis, and delayed responses to stimuli observed in tadpoles exposed to the fertilizer. This effect would make older embryos more sensitive than younger embryos, because differentiation of the neural tube happens during the late embryonic stages [17] .
On the other hand, we have observed in B. calamita an age-effect trend different from those of the rest of the species. Individuals exposed to 225.8 mg N-NO 3 NH 4 /L from Gosner stages 21 and 24 were more sensitive than those exposed from Gosner stages 13 and 19, although the differences were not as clear as those in the species with a higher sensitivity of younger individuals. Tadpoles of pond-inhabiting anuran species develop lungs early in their larval life. These tadpoles can then consume oxygen by gulping air as the amount of dissolved oxygen decreases. However, species of Bufo do not develop lungs until just before metamorphosis, so they are unable to gulp air during their larval stages [14] . Bufo calamita would then be more sensitive to the hypoxic conditions than the other three species tested, especially during later stages, when tadpoles consume more oxygen [13] . Although we did not observe any sign of anoxia, methemoglobinemia produced by nitrogenrelated compounds could have affected older B. calamita tadpoles in a greater way than those of the other three species.
Maximum levels of nitrogen fertilizers in surface water are related to timing of fertilizer application, precipitation, and irrigation. Because these maximum levels coincide with the first spring rains, which also induce migrations toward the breeding ponds and reproduction of many amphibian species, they are expected to affect the most sensitive stages when they appear in the water. Levels up to 90.3 mg N-NO 3 NH 4 /L have been found in ponds where amphibians breed at several agricultural areas of Spain after fertilizer drainage by rains (M.E. Ortiz-Santaliestra et al., unpublished data). This level has been demonstrated to cause lethal effects during the most sensitive stages in embryo and larval development of P. cultripes and D. galagnoi as well as a reduction in B. calamita tadpole growth rate. Thus, although overall nitrate or ammonia levels in bodies of water are not usually high enough to kill amphibians, these pollutant peaks may occur when amphibians are most sensitive.
Fertilization practices in agricultural landscapes are the main source of nitrogen contamination in bodies of water used by amphibians [1] . Thus, it is necessary to assess the effects that fertilization timing can present to amphibian development and survival. We consider that for areas with endangered and sensitive amphibian species, a good agricultural practice would be to delay crop fertilization until the sensitive species have hatched, or at least until after the first spring rains that fill the ponds and induce amphibians to breed have happened. This measure would not necessarily reduce fertilizer efficiency (e.g., [39] ), because it could improve the efficiency of fertilizers by avoiding losses caused by leaching or runoff [40] while minimizing their impact on amphibian survival and development.
